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Abstract 
The interaction of amino acids (glycine, L-valine, L-isoleucine and L-leucine) 
with alumina surface was studied to induce partial hydrophobization and production of 
ultrastable particle-stabilised foams. The evaluation of these amino acids was carried out 
by mechano-quantum simulations followed by experimental tests (foamability, zeta 
potential, contact angle and foam lifetime measurements). The experimental results 
agreed with the trends pointed out by the simulations. The selected amino acids interact 
with alumina particles in aqueous media and in a broader pH range, leading to 
hydrophobization of surfaces, which was more intense for amino acids with higher 
molecular mass (isoleucine and leucine). As a consequence, ultrastable foams with a 
longer lifetime (> 100 hours) were produced and the foam microstructure was preserved 
from ageing phenomena. Moreover, the attained foams were stable at different pH, 
opening up new possibilities to develop macroporous multiphasic ceramics, which can 
result in novel materials for thermal insulation at high temperatures. 
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1. Introduction 
Foams are systems formed by compressed gas bubbles, originating from a 
jamming transition, which gives a solid behaviour to the whole, i.e. a yield stress [1–3]. 
These systems hold an important place in nature and imaginary. As pointed out by Ashby 
[4], natural materials used in constructions, such as wood, bone, nests and shells, are 
mostly formed by cellular structures. Foams can be found in different peoples´ mythology 
around the world, e.g. in the hindu tale of Indra and Namuchi, described in the 
Mahabharata, at the birth of the Greek goddess Aphrodite (which literally means “risen 
from the foams”), or in the genesis of foreign men in the Yanomani mythology [5,6]. 
Despite human fascination with foam properties, these systems overcome the domain of 
the imaginary, and technological uses take place in different sectors, occasionally inspired 
by nature. For example, at high temperatures, refractory macroporous ceramic foams 
(solid materials with a pore size above 50 nm [7]) can be used as thermal insulators, 
playing a very important role in the energy conservation of industrial processes. The 
development of such materials requires the production of liquid foams with good stability, 
which is a very relevant property to the production of reproductible ceramic foams with 
low thermal conductivity. 
 Refractory macroporous ceramics can be prepared by setting a liquid foam 
containing ceramic particles dispersed in its structure. This processing route, called direct 
foaming, is considered versatile as macroporous ceramics with different volumetric 
densities and compositions can be produced. Additionally, direct foaming enables 
materials to be manufactured with interconnected or completely closed pores, with 
narrow pore size distribution [8–10]. The incorporation of gas and production of foams 
containing ceramic particles can be carried out adopting different methods e.g. 
mechanical stirring [11,12], chemical reactions and phase changes [13,14], cavitation 
 3 
[15–17] or gas injection [18,19]. Although gas can be entrapped in a ceramic suspension 
by different methods, a liquid foam containing ceramic particles should be obtained. This 
system will be subjected to changes due to its instability.  
The surface energy of a foam, Efoam, can be estimated directly by multiplying its 
interfacial energy γ and the summation of the interfacial areas of all n bubbles stated as 
Si [Eq.(1)] [20]. Due to the high surface area, these systems are thermodynamically 
unstable and tend to undergo modifications in their microstructures in order to reduce 
their total interfacial area. This is the strategy used by nature, which actuates reducing the 
total interfacial area of a foam by means of three ageing phenomena named drainage, 
coarsening and coalescence.  
     (1) 
Drainage consists of separating the liquid and gas phases due to the action of 
gravity over fluids with different volumetric densities. As drainage progresses, the 
amount of liquid between bubbles on the top of the foam is reduced, resulting in the 
approximation of neighbouring cells and changing their shapes from spheres to 
polyhedrons, which is characteristic of dry foams. On the other hand, bubbles located at 
the bottom of foams are spherical due to the increase in liquid fraction [21,22]. As the 
distance of bubbles is reduced, the Young-Laplace pressure, i.e. the difference of gas 
pressure between two neighbouring bubbles of different sizes, may favour the diffusion 
of gas molecules from smaller bubbles to the bigger ones using Ostwald ripening or von 
Newman-Mullins mechanisms. With the advance of this phenomenon, named coarsening, 
the increase in the average bubble size is observed [5,21,23]. Simultaneously, as a result 
of the balance of attractive and repulsive forces acting in the film between two bubbles, 
 4 
which is expressed by the disjoining pressure (resulted from the sum of van der Waals 
interactions, electrostatic and non-DLVO forces), the attraction of two liquid-air 
interfaces can take place, resulting in their rupture and the merger of these bubbles, giving 
rise to a novel one with a bigger volume [5,24,25]. This phenomenon, known as 
coalescence, leads to the reduction of the number of bubbles and the increase in the 
average size of those remaining. The action of the three foam ageing phenomena is 
simultaneous, however, drainage will increase the action of coarsening and coalescence 
because of the approximation of bubbles. Potentially, the resting foam will reach a 
metastable equilibrium. In this case, the microstructure would be preserved up to the time 
where external perturbations, as temperature and pressure variations or mechanical 
forces, act over the system [25].  
Besides the reduction in the surface area induced by the ageing phenomena, the 
bubbles in a foam can be stabilised if the interfacial energy in equation (1) is reduced. A 
likely route to reduce γ is by the adsorption of solid particles at the liquid-gas interface, 
replacing part of its area by more stable surfaces during the foaming process. The 
stabilisation of fluid cells by solid particles has been practised for more than a century in 
mineral separation and concentration processes [26,27] and for the production of particle 
stabilised emulsions known as Pickering emulsions [28]. As stated by Aveyard et al. [29], 
the adsorption energy of a spherical solid particle at the interface between two fluids is 
defined by the affinity of the solid to each of these fluids. This affinity is expressed by 
means of the contact angle θ. Besides this, the fluid-fluid interfacial energy γ, the particle 
and the bubble or vesicle radii, Rp and Rb respectively, the line tension τ, which actuates 
in the region where the three phases meet, and the radius of this region, x, also are 
accounted to this property. Thus, the adsorption energy of a spherical particle at the 
interface between two fluids can be calculated by equation (2): 
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  (2) 
where, in addition to the variables discussed before, the angles α and β correspond to 
arcsin(x/Rb) and arcsin(x/Rp), in this order. 
 Equation (2) highlights that the energy needed to detach an adsorbed particle at 
the interface between two fluids will scale with the particle radius and the contact angle. 
Adsorption energy values close to, or higher than, 103 kbT should be expected for particles 
attached to the liquid-gas interface of a bubble, which makes the adsorption process 
irreversible and likely to produce particle stabilised foams. Considering the air-water 
system, the affinity of the solid particles with these fluids will define whether a foam or 
a mist will be formed, in a similar way to oil-in-water or water-in-oil Pickering emulsions 
[29]. Particle stabilised foams are attained when the contact angle of the solid phase with 
water is between 0º and 90º, and the adsorption energy of these particles at air-water 
interface is higher for particles with a higher contact angle, i.e. partially hydrophobic 
particles. Partial hydrophobization of solid particles can be carried out by 
functionalisation of some regions of their surfaces. Thus, partially hydrophobic ceramic 
particles will be obtained after interacting with organic amphiphilic molecules, i.e., which 
present polar and non-polar regions in the same structure. The polar region of these 
molecules interacts with particle surface regions presenting a partial charge density 
favourable for the interaction, chemically adsorbing and exposing the non-polar regions 
to the aqueous media. Thus, a non-polar behaviour is imposed to the particle surface 
region where the amphiphilic molecule is adsorbed, making it partially hydrophobic. The 
non-polar region will be larger as more molecules interact with the particle surface, 
making these particles suitable to stabilise air bubbles. 
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 Foams stabilised with silica particles partially hydrophobized with sodium 
dodecyl sulfonate (SDS) were firstly reported by Tang et al. [30] in 1989. In their work, 
it was observed that using smaller or more hydrophobic particles resulted in more stable 
foams. Bubbles stabilised with silica were reported by other authors [31–33], however, 
the main interest was at the foam stability prior to solidification. Binks et al. [32] also 
demonstrated experimentally the phase inversion caused by the change of silica contact 
angle with water, pointing out the viability of producing stabilised bubbles or liquid 
marbles armoured with silica particles by adjusting the contact angle for values lower or 
superior to 90º.  
 By selecting different amphiphilic organic molecules, Gonzenbach et al. [34,35] 
reported the production of macroporous ceramics of different mineralogical compositions 
[e.g. Al2O3, Ca3(PO4)2, ZrO2 and SiO2], derived from aqueous ultrastable particle 
stabilised foams. The selected molecules presented amphiphilic features in the pH ranges 
evaluated. For example, alumina stabilised foams in acid pH were produced with 
carboxylic acids as propionic and butyric ones, considering that these molecules present 
a polar head (in the carboxyl position) and a non-polar tail. The stability of these foams 
was conditioned to a pH range where the organic molecules present amphiphilic 
behaviour. Based on this condition, the processing of multiphasic compositions was 
limited. Besides that, some of the substances proposed are toxic, which motivates the 
search for new molecules [11]. 
 Despite the limitations pointed out before, associated to the processing of particle 
stabilised ceramic foams, these systems are of technological interest for the production 
of better thermal insulators for high temperature applications. In addition to their long 
stability time range, which preserves the foam microstructure comprised by numerous 
bubbles with small and homogeneous size distribution, it was possible to increase the 
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mechanical strength of these systems by using refractory binders, as calcium aluminate 
cement or magnesia [36]. Besides that, in situ phases could be formed in these foams, 
reducing their volumetric density and effective thermal conductivity. Unfortunately, 
adding binders or other ceramic phases could displace pH from acid to basic, causing 
destabilisation of foams prepared with carboxylic acids.  
 In order to produce particle stabilised foams that withstand pH changes, novel 
organic amphiphilic molecules should be selected. These molecules should keep their 
polar head and non-polar tail in a wider pH range, used in agreement with the Green 
Chemistry principles and practices [37]. A class of molecules which could respond to 
these demands are amino acids. They are organic molecules composed by carboxyl (-
COOH) and amine (-NH2) functions and a carbonic chain comprised mainly by C and H, 
although other elements can be present. These molecules are the basic structural units of 
proteins and, in addition to the fact that they are not toxic, their structures present different 
electric charges when exposed to aqueous media at any pH. Generally, amino acids are 
presented as cations in the acid range, due to amine protonation. When close to neutral 
pH, both the functional groups present charges: carboxyl is deprotonated and presents a 
negative charge whereas amine is protonated and assumes a positive charge, giving rise 
to a structure named zwitterion. For basic pH, only the carboxyl remains deprotonated, 
and the molecule behaves as an anion. The pH values at which the amino acid molecules 
change from cation to zwitterion or anion may vary from one amino acid to another [38].  
 Considering the alumina-amino acid system in aqueous solution at different pH 
values, it is possible for the molecule to adsorb onto the alumina surface due to the 
amphiphilic character. Thus, from the resulting interaction, it is expected for the non-
polar tail to remain exposed to the liquid, which confers to that region of interaction a 
reduced affinity to polar molecules, as water. By means of this mechanism, partial 
 8 
hydrophobicity can be attributed to alumina particles. These particles can, then, be 
attached irreversibly at the water-air interface, stabilising bubbles and giving rise to an 
ultrastable foam. The interaction of amino acids with TiO2 particles was evaluated by 
Celani et al. [39], which prepared foams with this oxide. 
 In order to verify the hypothesis formulated, the evaluation of selected amino acid 
interaction with alumina in different pH values was investigated in this study by quantum 
mechanics simulations and experimental tests. These systems could enable the production 
of multiphasic macroporous refractory ceramics for thermal insulation, whose 
microstructures are tailored to reduce the thermal transportation phenomena responsible 
for energy losses in high temperature processes. Nonetheless, the production of foams 
with these features could also be applied in other sectors, as lightweight structural 
elements, scaffolds and catalyst supports, for example.  
 
2. Materials and methods 
2.1 Simulations 
Quantum mechanics calculations for propionic acid, glycine, L-valine, L-
isoleucine and L-leucine molecules (presented in Table 1) were carried out in order to 
study their structural properties at different pH. The electric dipole momentum expressed 
in Debye (D), the partial charge distribution along the molecules and the electronic 
density of neutral, anion, cation and zwitterion structures, were evaluated. Considering 
these results, the concentration of charges in different regions of the organic structures 
was clarified, making it possible to identify the presence of polar head and non-polar tails 
in these molecules, at different pH values.  
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The molecules were drawn with the help of Gabedit 2.5.0 [40] and were relaxed 
with semi empirical calculations with the MOPAC2016 software [41], using the 
Hamiltonian PM7 [42]. Then, the molecular geometries were optimised with the Hartree-
Fock method (HF) [43], followed by another optimisation stage by Density Functional 
Theory (DFT) [44]. In both optimisation stages, the functional B3LYP [45] and the base 
Pople 3-21G [46] were used. Finally, the desired properties were assessed by DFT with 
the functional O3LYP [47] and the base Pople 6-31G(2p,2d) [48]. The optimisation step 
and the calculation of molecular properties were carried out in ORCA 4.1.1[49]. Water 
was selected as a solvent, and the Conductor-like Polarizable Continuum Model (CPCM) 
was used in the simulations [50]. During the property calculations, the results from the 
Mulliken population analysis were recorded [51], which was used to obtain the partial 
charge of each atom. The partial charge density surfaces were processed with Gabedit 
2.5.0, using the van der Waals surface of the molecule as a drawing grid. 
 
Table 1 Charged amino acids and carboxylic acid molecules studied in the mechano-
quantum simulations. 
Molecule Anion Zwitterion Cation 
Glycine 
 
Valine 
 
Isoleucine 
 
Leucine 
 
Propionic acid 
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2.2 Experimental 
Aqueous suspensions with 35 vol% of alumina (CT3000SG, d50 = 0.4 μm, specific 
surface area = 7.5 m2g-1, Almatis, Germany) were prepared by deagglomerating the 
ceramic particles in distilled water and adjusting the pH system to 5 adding HCl(aq) at 1 
mol.L-1. Afterwards the suspension was transferred to polyethylene vessels, which 
contained high alumina grinding media (spheres with a diameter close to 10 mm), with a 
mass ratio of 2:1 for the grinding media and suspension, respectively. The ceramic 
suspensions were ball milled for 24 hours before being used in the experiments.  
The selected amino acids were Glycine ACS, L-Valine, L-Isoleucine P.A. and L-
Leucine P.A. (all analytical grade, by Synth, Brazil). Propionic acid (analytical grade, 
Sigma-Aldrich, Brazil), which is a molecule known to be used in the production of 
alumina stabilised foams in acid pH [34], was also selected. Their molecular structures, 
pK values and molar mass are listed in Table 2.  
For some experiments, amino acids or carboxylic acid solutions were prepared 
with distilled water. The solution concentration was 0.15 mol.L-1, which was close to the 
solubility limit of the tested amino acids in water at 25ºC. After preparing the solutions, 
their pH were adjusted to values close to pK listed in Table 2 with HCl(aq) or NaOH(aq), 
both at 1 mol.L-1. 
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Table 2 Molecular structure, pK and molar mass of propionic acid and amino acids 
evaluated in this work. Data collected from [38]. 
Molecule Molecular structure and reduced formula pKcation pKZwitterion pKanion 
Molar mass 
(g.mol-1) 
Propionic 
acid  
C3H6O2 
- - 4.7 74.08 
Glycine 
 
C2H5O2N 
2.3 6.0 9.6 75.07 
L-Valine 
 
C5H11NO2 
2.3 6.0 9.6 117.15 
L-Isoleucine 
 
C6H13NO2 
2.4 6.0 9.6 131.17 
L-Leucine 
 
C6H13NO2 
2.4 6.1 9.7 131.17 
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 The foamability of the systems, i.e. their ability to entrap air, generating stable 
bubbles which resulted in a foam, was evaluated with the progressive addition of solutions 
containing amino acids or propionic acid. For that, a portion of 50g of the alumina 
suspension was transferred to a beaker. Following that, the suspension was kept under 
mechanical stirring by a dispersing blade with 38 mm of diameter, rotating at 500 rpm. 
Tiny amounts of solutions were added to the stirring suspension every 5 minutes, and the 
aspect of the systems were monitored by visual inspection in order to identify the 
formation of stable bubbles. Using this simple test, it was possible to identify the range 
of molecule concentration needed to generate foams.  
 The interaction of amino acids and propionic acid with Al2O3 in different pH 
values was evaluated by the indirect measurement of charge density formed on the 
particle surface. Suspensions containing 10 wt% of alumina, obtained after the dilution 
of previously ball milled suspensions, were prepared. Their pH was set to 5, 6 or 12 and 
kept at these values during the whole experiment. pH adjustments were carried out adding 
HCl(aq) or NaOH(aq), both at 1 mol.L-1. The zeta potential (ζ) of particles was measured as 
a function of the amount of molecules added. After a new addition of amino acids or 
propionic acid solutions, the system was kept under agitation for 10 minutes and zeta 
potential was then measured. The equipment ZA500 (Matec Applied Sciences, USA), 
which measures electrokinetic potential by the electroacoustic method, was used in these 
measurements. The equipment was calibrated with silica sol containing 10 vol% of SiO2 
(diluted Ludox TM40, Sigma-Aldrich, USA), and the tests were carried out at 25ºC. The 
pH of the suspensions was continually measured by a solid electrolyte-based pH 
electrode. 
 Contact angle measurements of amino acids or propionic acid solutions and 
alumina surface were carried out by the sessile drop technique in a goniometer ramé-hart 
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260 (ramé-hart Instruments, USA). Dense and polished alumina plates (ρ = 3.96 g.cm-3) 
were used in this experiment. Before the measurements, alumina surfaces were submitted 
to a cleaning procedure consisting of immersion in the piranha solution (2:1 parts in 
volume of H2SO4 and H2O2) at 60ºC for 4 hours. Afterwards, the plates were thoroughly 
rinsed with distilled water, and then immersed in boiling distilled water for 1 hour. 
Finally, the alumina plates were rinsed with distilled water and kept in a desiccator until 
they were measured. 
 The contact angles were measured at 25ºC and, prior to the experiment, the camera 
was calibrated with measurements of deionized water drops over a Teflon® plate. Finally, 
the contact angle of amino acids and propionic acid were evaluated. For each molecule, 
the contact angles of three drops in different alumina surface regions were measured. The 
angles observed at the right and left extremities of the drop on the surface were recorded, 
and the values reported are the average of all measurements with their respective standard 
deviation. 
 The foam stability was assessed using equipment specially created for this 
purpose. This device comprises three humidity sensors (electrodes able to measure 
electric resistance in water), which are connected to an Arduino-based board (Blackboard 
UNO R3, Robocore, Brazil). Each sensor was placed at a different height of a polymeric 
cylinder with a volume close to 200 mL, which was kept closed with a polymeric lid. The 
local humidity was monitored as a function of time in three different regions of the fresh 
poured foam: bottom, middle and top. With the humidity progress, it was possible to 
follow the changes in the foam structure associated to the action of ageing phenomena, 
especially drainage, as the concentration of liquid at the bottom of a foam will decrease 
the electrical resistance, increasing the assessed conductivity value. The foam stability 
index (SI) of a foam region was obtained by the ratio between the resistance value S(t=i) 
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assessed by the sensor at a time ti, and the value S(t=0) measured at the beginning of the 
experiment, as expressed in the equation (3).  
      (3) 
 If SI > 1 in equation (3), the amount of water is reduced in the region of 
measurement, which points to a drying process. On the other hand, if SI < 1, the amount 
of liquid phase is increased due to drainage (if it takes place at the bottom) or due to 
capillary flow resulting from liquid migration in a drying process (if it takes place at the 
middle or at the top of the foam). In this work, the measurements were carried out up to 
100 hours. 
 
3. Results and discussion 
The electric dipole moment value indicates the polarisation of a molecule as it 
estimates the separation of opposite charges in the structure. As shown in Figure 1, neutral 
molecules of propionic acid, glycine and valine present smaller electric dipole moments 
when compared to isoleucine and leucine. The latter molecules are highly polar even in 
their neutral condition.  
As expected, the molecules presenting charges in carboxyl or amine functions 
(anion, zwitterion or cations) are more polar than the neutral ones. For anions, the dipole 
moment was proportional to the size of the amino acid molecule, which can be related to 
the higher concentration of negative charge for the carboxyl, placed at the extremity of 
the molecule, accompanied by a partial reduction of charge intensity for amine and amino 
acid tails. For all cases, zwitterionic molecules were more polar because of the presence, 
in the same structure, of positive and negative charges at amine and carboxyl groups, 
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respectively. Finally, a reduction in the electric dipole moment was observed for cation 
molecules. Additionally, the values were close and were not directly proportional to the 
molecular size.  
 
 
Figure 1 Calculated electric dipole moment of neutral, anionic, zwitterionic and cationic 
molecules. 
 
 The partial charge distributions for the molecules (Figure 2) highlights that most 
of the positive and negative charges are concentrated in carboxyl and amine functions, 
which are close to each other in a small region of these molecular structures. Thus, 
regardless of the pH, the amino acids studied here will present a polar head and a non-
polar tail, which is not fully absent of charges. Non-polar tails of zwitterions and cations 
will present charge density superior than those calculated for anions. In these latter 
structures, negative charges are more concentrated in carboxyl and amine, increasing the 
hydrophobic character of the tail.  
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The results in Figure 2 point out a very small variation of partial charges at the 
tail of the amino acids. Thus, this charge should be distributed among all atoms of the 
tails, leading to the reduction in partial charge density for bigger structures, which 
reinforces their hydrophobic feature. Considering leucine and isoleucine molecules, the 
methyl position will also cause some displacement in charge distribution, especially for 
cationic structures. However, the partial charge values would be close to those observed 
for the other amino acids evaluated. The relationship between tail size and hydrophobicity 
for glycine, valine, isoleucine and leucine was consistent with trends pointed out by 
different hydrophobicity scales for these molecules. These scales were built based on 
thermodynamic calculations of the free energy changes related to the transfer of amino 
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Figure 2 Partial charges distributed among amine, carboxyl and tail for neutral, anionic, 
cationic and zwitterionic amino acid molecules. 
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acids from a polar medium to a non-polar one [52–54]. In descending order, the tail 
hydrophobic character for the amino acids selected in their cationic, anionic or 
zwitterionic structures should be: leucine > isoleucine > valine > glycine. For these 
simulations, the values of partial charge, electric dipole moment and electronic density 
maps are available in the supplementary material (Table S1 and Figure S1).  
 The coupling between hydrophobicity and molecular size suggested by the 
simulations was also verified experimentally by the measurements of amino acid 
solutions contact angle on cleaned alumina surface (Figure 3). Leucine and isoleucine 
solutions presented higher contact angle then valine and glycine. Additionally, for all the 
cases, solutions whose pH were close to pKZwitterion (see Table 2) had superior values of 
the contact angle. If the trend observed for the θ variation with pH for each amino acid is 
compared with their electric dipole moments (Figure 1), a relationship can be observed 
as the polarisation measurement seems to be coupled with the contact angle (an indirect 
measurement of hydrophobicity). Thus, for simple amino acids, the electric dipole 
moment could be used to forecast the behaviour of such molecules when in contact with 
hydrophilic surfaces. For all cases, amino acid solution drops presented a lower contact 
angle with the alumina surface when compared with distilled water (θ = 12º) and 
propionic acid (θ = 45º at pH 5). Consequently, the amino acids evaluated in this study 
could result in partial hydrophobization of alumina surfaces, favouring the production of 
particle stabilised foams irrespective of the pH. Additionally, their adsorption energy at 
water-air interface would be higher than those expected for particles interacting with 
propionic acid. 
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Figure 3 Contact angle of amino acid solutions (0.15 mol.L-1 and different pH) on clean 
polycrystalline alumina surface at 25ºC. Contact angle of distilled water and propionic 
acid (pH = 4) on alumina were also evaluated, resulting in 12º and 45º, respectively. 
 
 It was possible to produce foams with amino acid solutions for different pH 
values, as seen in Figure 4. Foams were easily prepared when larger amino acid molecules 
(leucine and isoleucine) were used, followed by valine and glycine. In fact, a foam was 
not obtained when glycine was added to the suspension. The minimum amount of leucine 
and isoleucine needed to stabilise bubbles were close to the quantity of propionic acid 
required to foam a suspension at pH 5 (close to 5 µmol.m-2, also verified by Gonzenbach 
et al. [34]). In addition, a minor quantity of amino acid in the zwitterionic structure was 
needed to produce a stable foam, which agrees with the quantum mechanics simulations 
and contact angle measurements. Besides the best foamability resulted by zwitterions, 
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another advantage is that these structures are stable in the  pH range close to neutral, 
which fulfils the Green Chemistry principles [37].  
 
Figure 4 Empirical foamability maps for alumina suspensions containing 35 vol% of 
solids and increasing contents of amino acid solutions at 0.15 mol.L-1, whose pH was 
adjusted to the values indicated in the graphs. For propionic acid, foams were obtained 
with 5 µmol per m2 of alumina. 
 
 The alumina surface interaction with leucine, isoleucine and propionic acid was 
assessed by zeta potential measurements (Figure 5). The reduction of ζ for suspensions 
with propionic acid, kept at pH 5 and 6, was observed, whereas for pH 12, the 
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electrokinetic potential did not change. On the other hand, variations of zeta potential 
were observed for all pH values evaluated when isoleucine or leucine were added to 
alumina suspensions. 
 
Figure 5 Zeta potential changes for alumina particles as a function of the increasing 
amount of propionic acid, isoleucine or leucine molecules. The pH was kept constant 
during all the experiments. 
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The reduction in the absolute value of ζ may take place due to a charge screening 
effect on the oxide surface, caused by the adsorption of charged molecules [55]. In this 
case, the molecule polar head may be directed towards the particle surface, which presents 
positive or negative charge density, whereas the non-polar tail remains exposed to the 
aqueous media. Thus, the results presented in Figure 5 suggest that leucine and isoleucine 
molecules adsorbed on alumina surfaces for all pH values evaluated. For propionic acid 
at pH 6, an inversion was observed on the electrokinetic potential between 45 and 65 
mmol.L-1, most likely due to the arrangement of a second layer of adsorbed molecules, 
whose orientation was inversed and the polar head, formed by carboxyl negatively 
charged, was exposed to the aqueous side. This effect was identified for similar systems 
by Megias-Algacil et al. [56]. 
 Particle stabilised foams are called ultrastable because of the long period of time 
in which they remain without undergoing ageing phenomena. The evolution of drainage 
was assessed in this study by measurements of electric conductivity in regions of fresh 
foam columns (bottom, middle and top). The results shown in Figure 6(a) point out that 
foams produced with 10 µmol.m-2 of propionic acid experienced structural changes due 
to drainage. For this system, the sensors placed at the bottom region and at the middle 
registered a reduction in the foam stability index because of the increasing amount of 
liquid in these regions. After 15 hours approximately, the sensor placed at the top lost 
contact with the foam column, and the test was stopped. When the propionic acid amount 
was twofold [Figure 6(b)], the produced foam presented superior lifetime, and drainage 
was observed at the beginning. Sequentially, the curve profiles suggest the drying of the 
foam due to evaporation of the liquid. For the foam containing 10 µmol.m-2 of isoleucine, 
a similar process of drying was identified [Figure 6(c)]. When the amount of this amino 
acid was increased [Figure 6(d)], the foam did not present any stability index changes for 
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the first 100 hours. The same results were observed for all foams prepared with leucine 
and indicated that foams produced with partially hydrophobic amino acid-based aluminas 
were more stable than those produced with propionic acid, for the conditions adopted in 
this study.  
 
Figure 6 Evaluation of alumina foam stability with time at 25°C for systems prepared 
with alumina suspensions at pH close to 5, containing 10 or 20 µmol.m-2 of propionic 
acid, isoleucine or leucine. 
 
0 10 20 30 40 50 60 70 80 90 100
0.0
0.5
1.0
1.5
2.0
2.5
3.0
 (a)
Propionic acid 10 4mol.m-2
F
oa
m
 s
ta
bi
lit
y 
in
de
x 
(-
)
 Bottom
 Middle
 Top
 
Time (h)
0 10 20 30 40 50 60 70 80 90 100
0.0
0.5
1.0
1.5
2.0
2.5
3.0
 
Time (h)
 Bottom
 Middle
 Top
Fo
am
 s
ta
bi
lit
y 
in
de
x 
(-
)
 (b)
Propionic acid 20  mol.m-2
0 10 20 30 40 50 60 70 80 90 100
0.0
0.5
1.0
1.5
2.0
2.5
3.0
  (e)
Leucine 10 mol.m-2
 
Time (h) 
F
oa
m
 s
ta
bi
lit
y 
in
de
x 
(-
)
 Bottom
 Middle
 Top
0 10 20 30 40 50 60 70 80 90 100
0.0
0.5
1.0
1.5
2.0
2.5
3.0
 
Time (h)
 Bottom
 Middle
 Top
Fo
am
 s
ta
bi
lit
y 
in
de
x 
(-
)
  (f)
Leucine 20 1mol.m-2
0 10 20 30 40 50 60 70 80 90 100
0.0
0.5
1.0
1.5
2.0
2.5
3.0
 Bottom
 Middle
 Top
 
Time (h)
  (c)
Isoleucine 10 3mol.m-2
Fo
am
 s
ta
bi
lity
 in
de
x 
(-)
0 10 20 30 40 50 60 70 80 90 100
0.0
0.5
1.0
1.5
2.0
2.5
3.0
 Bottom
 Middle
 Top
 
Time (h)
  (d)
Isoleucine 20  mol.m-2
Fo
am
 s
ta
bi
lit
y 
in
de
x 
(-)
 23 
 Most likely due to the high amount of entrapped air and the disjunction pression 
acting between the bubbles, both favouring a jamming transition [20], foams produced 
with partially hydrophobic aluminas can present high yield stress (see Figure 7). This 
feature indicates that these foams can be used as feedstocks for additive manufacturing 
techniques, in a similar way as Muth et al. [57] did with propionic acid-based alumina 
ones. Figure 7(c) presents the microstructure of this foam after firing at 1600°C for 5 
hours, highlighting the elevated number of small and closed pores in this sample. 
Considering the likelihood of stabilisation of the foams discussed in this work to a broader 
pH range, they could be used for the production of multiphasic compositions, an issue 
that will be addressed in forthcoming work.  
 
Figure 7 (a,b) Fresh alumina stabilised foams prepared with alumina suspension and 20 
µmol.m-2 of L-leucine and (c) microstructure of this foam after firing at 1600°C for 5h, 
as seen by a stereo microscope. The surface was previously painted with blue ink to ease 
the identification of pores. 
 
4. Conclusions 
Glycine, L-valine, L-isoleucine and L-leucine were evaluated as potential 
molecules for partial hydrophobization of alumina particles. Considering the quantum 
mechanics simulation results, due to the existence of carboxyl and amine functional 
groups, these molecules present charge concentration in a small region of their structures, 
regardless of the pH, giving rise to a polar head and a non-polar tail. The charge 
(a) (b) (c) 
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concentration at the non-polar tail is similar for all amino acids studied, which indicates 
that the hydrophobic character increases with the molecular size. Thus, the 
hydrophobicity trend decreases as follows: leucine > isoleucine > valine > glycine, which 
was confirmed by experiments.  
L-Leucine and L-isoleucine solutions displayed higher contact angles on a clean 
alumina surface when compared to L-valine and glycine solutions. Besides that, all 
evaluated amino acids wetted less the alumina surface when compared with propionic 
acid, for all pH ranges evaluated. However, among the likely amino acid species to be 
formed, zwitterions were more attractive to be used in the partial hydrophobization of 
alumina, as these structures present higher electric dipole moment, contact angle and 
interaction with the oxide. These aspects indicated that zwitterions can be more efficient 
for the hydrophobization of alumina surfaces and consequently, formation of stable 
foams. Indeed, ultrastable foams produced with alumina and leucine or isoleucine were 
much more stable than those prepared with propionic acid. The obtained foams can be 
easily extruded, which opens up the possibility of using them as feedstocks for additive 
manufacturing. Besides that, the results suggested that ceramic particles with distinct 
charge densities could be added to the foams, without destabilising them. Thus, foams 
stabilised with amino acid-based partially hydrophobic aluminas could comprise 
multiphasic macroporous ceramics whose properties could be tailored for different 
applications, such as thermal insulation for high temperature application or lightweight 
hierarchical structures. 
 
5. Acknowledgements 
 
 This study was financed in part by the Coordenação de Aperfeiçoamento de 
Pessoal de Nível Superior - Brasil (CAPES) - Finance Code 001. The authors are also 
thankful to FIRE (Federation for International Refractory Research and Education), 
 25 
FAPESP (Fundação de Amparo à Pesquisa do Estado de São Paulo, Grant Number 
2018/09761-8) and Cloud UFSCar for all the support for this research. 
 
6. Bibliography 
 
[1] A.M. Kraynik, The structure of random foam, Adv. Eng. Mater. 8 (2006) 900–
906. doi:10.1002/adem.200600167. 
[2] G. Ovarlez, Q. Barral, P. Coussot, Three-dimensional jamming and flows of soft 
glassy materials, Nat. Mater. 9 (2010) 115–119. doi:10.1038/nmat2615. 
[3] E.J. Banigan, M.K. Illich, D.J. Stace-naughton, D.A. Egolf, The chaotic 
dynamics of jamming, Nat. Phys. 9 (2013) 288–292. doi:10.1038/nphys2593. 
[4] M.F. Ashby, R.F.M. Medalist, The mechanical properties of cellular solids, 
Metall. Trans. A. 14 (1983) 1755–1769. doi:10.1007/BF02645546. 
[5] I. Cantat, S. Cohen-Addad, F. Elias, F. Graner, R. Höhler, O. Pitois, F. Rouyer, 
A. Saint-Jalmes, R. Flatman, Foams - Structure and dynamics, 1st ed., Oxford 
University Press, Oxford, 2013. 
doi:10.1093/acprof:oso/9780199662890.001.0001. 
[6] D. Kopenawa, B. Albert, The falling sky: Words of a Yanomani shaman, 5th ed., 
Companhia das Letras, São Paulo, 2010. 
[7] IUPAC, The IUPAC Gold Book, in: IUPAC Compend. Chem. Terminol., 
International Union of Pure and Applied Chemistry, Research Triagle Park, NC, 
1997: p. 336. doi:10.1351/goldbook.I03352. 
[8] L. Salvo, G. Martin, M. Suard, A. Marmottant, R. Dendievel, J.J. Blandin, 
Processing and structures of solids foams, Comptes Rendus Phys. 15 (2014) 662–
673. doi:10.1016/j.crhy.2014.10.006. 
[9] A.R. Studart, U.T. Gonzenbach, E. Tervoort, L.J. Gauckler, Processing routes to 
macroporous ceramics: A review, J. Am. Ceram. Soc. 89 (2006) 1771–1789. 
doi:10.1111/j.1551-2916.2006.01044.x. 
[10] T. Ohji, M. Fukushima, Macro-porous ceramics: processing and properties, Int. 
Mater. Rev. 57 (2012) 115–131. doi:10.1179/1743280411Y.0000000006. 
[11] V.R. Salvini, P.R.O. Lasso, A.P. Luz, V.C. Pandolfelli, Nontoxic processing of 
reliable macro-porous ceramics, Int. J. Appl. Ceram. Technol. 13 (2016) 522–
531. doi:10.1111/ijac.12521. 
[12] V.R. Salvini, B.A. Sandurkov, R.F.K. Gunnewiek, D.S. Rosa, V.C. Pandolfelli, 
Porous ceramics with tailored properties, Am. Ceram. Soc. Bull. 86 (2007) 9401–
9405. 
[13] S. Barg, E.G. de Moraes, D. Koch, G. Grathwohl, New cellular ceramics from 
high alkane phase emulsified suspensions (HAPES), J. Eur. Ceram. Soc. 29 
(2009) 2439–2446. doi:10.1016/j.jeurceramsoc.2009.02.003. 
[14] S. Barg, C. Soltmann, M. Andrade, D. Koch, G. Grathwohl, Cellular ceramics by 
 26 
direct foaming of emulsified ceramic powder suspensions, J. Am. Ceram. Soc. 91 
(2008) 2823–2829. doi:10.1111/j.1551-2916.2008.02553.x. 
[15] W. Drenckhan, A. Saint-Jalmes, The science of foaming, Adv. Colloid Interface 
Sci. 222 (2015) 228–259. doi:10.1016/j.cis.2015.04.001. 
[16] G. Toquer, T. Zemb, D. Shchukin, H. Möhwald, Ionic physisorption on bubbles 
induced by pulsed ultra-sound., Phys. Chem. Chem. Phys. 12 (2010) 14553–9. 
doi:10.1039/c0cp01017k. 
[17] C. Wu, K. Nesset, J. Masliyah, Z. Xu, Generation and characterization of 
submicron size bubbles, Adv. Colloid Interface Sci. 179–182 (2012) 123–132. 
doi:10.1016/j.cis.2012.06.012. 
[18] J.G.P. Binner, J. Reichert, Processing of hydroxyapatite ceramic foams, J. Mater. 
Sci. 31 (1996) 5717–5723. doi:10.1007/BF01160820. 
[19] J.H. Eom, Y.W. Kim, S. Raju, Processing and properties of macroporous silicon 
carbide ceramics: A review, J. Asian Ceram. Soc. 1 (2013) 220–242. 
doi:10.1016/j.jascer.2013.07.003. 
[20] W. Drenckhan, S. Hutzler, Structure and energy of liquid foams, Adv. Colloid 
Interface Sci. 224 (2015) 1–16. doi:10.1016/j.cis.2015.05.004. 
[21] A. Saint-Jalmes, Physical chemistry in foam drainage and coarsening, Soft 
Matter. 2 (2006) 836. doi:10.1039/b606780h. 
[22] S. Cohen-Addad, R. Höhler, O. Pitois, Flow in foams and flowing foams, Annu. 
Rev. Fluid Mech. 45 (2013) 241–267. doi:10.1146/annurev-fluid-011212-
140634. 
[23] F.G. Gandolfo, H.L. Rosano, Interbubble gas diffusion and the stability of foams, 
J. Colloid Interface Sci. 194 (1997) 31–36. doi:10.1006/jcis.1997.5067. 
[24] A. Bhakta, E. Ruckenstein, Decay of standing foams: drainage, coalescence and 
collapse, Adv. Colloid Interface Sci. 70 (1997) 1–124. doi:10.1016/S0001-
8686(97)00031-6. 
[25] J. Wang, A. V. Nguyen, S. Farrokhpay, A critical review of the growth, drainage 
and collapse of foams, Adv. Colloid Interface Sci. 228 (2016) 55–70. 
doi:10.1016/j.cis.2015.11.009. 
[26] F.D. DeVaney, Flotation, Ind. Eng. Chem. 38 (1946) 20–21. 
doi:10.1021/ie50433a019. 
[27] M.H. Hassialis, Surface active compounds in flotation ore dressing, Ann. N. Y. 
Acad. Sci. 46 (1946) 495–509. doi:10.1111/j.1749-6632.1946.tb36182.x. 
[28] T.N. Hunter, R.J. Pugh, G. V. Franks, G.J. Jameson, The role of particles in 
stabilising foams and emulsions, Adv. Colloid Interface Sci. 137 (2008) 57–81. 
doi:10.1016/j.cis.2007.07.007. 
[29] R. Aveyard, J.H. Clint, T.S. Horozov, Aspects of the stabilisation of emulsions 
by solid particles: Effects of line tension and monolayer curvature energy, Phys. 
Chem. Chem. Phys. 5 (2003) 2398. doi:10.1039/b210687f. 
[30] F.-Q. Tang, Z. Xiao, J.-A. Tang, L. Jiang, The effect of silica oxide particles 
 27 
upon stabilization of foam, J. Colloid Interface Sci. 131 (1989) 498–502. 
[31] B.P. Binks, Particles as surfactants - similarities and differences, Curr. Opin. 
Colloid Interface Sci. 7 (2002) 21–41. doi:10.1016/S1359-0294(02)00008-0. 
[32] B.P. Binks, R. Murakami, Phase inversion of particle-stabilized materials from 
foams to dry water, Nat. Mater. 5 (2006) 865–869. doi:10.1038/nmat1757. 
[33] Z. Du, M.P. Bilbao-Montoya, B.P. Binks, E. Dickinson, R. Ettelaie, B.S. Murray, 
Outstanding stability of particle-stabilized bubbles, Langmuir. 19 (2003) 3106–
3108. doi:10.1021/la034042n. 
[34] U.T. Gonzenbach, A.R. Studart, E. Tervoort, L.J. Gauckler, Ultrastable particle-
stabilized foams, Angew. Chemie - Int. Ed. 45 (2006) 3526–3530. 
doi:10.1002/anie.200503676. 
[35] U.T. Gonzenbach, A.R. Studart, E. Tervoort, L.J. Gauckler, Macroporous 
ceramics from particle-stabilized wet foams, J. Am. Ceram. Soc. 90 (2007) 16–
22. doi:10.1111/j.1551-2916.2006.01328.x. 
[36] T. dos Santos, C.I. Pereira, R. Gonçalves, V.R. Salvini, C. Zetterström, C. 
Wöhrmeyer, C. Parr, V.C. Pandolfelli, Gluconate action in the hydration of 
calcium aluminate cements: Theoretical study, processing of aqueous 
suspensions and hydration reactivation, J. Eur. Ceram. Soc. 39 (2019) 2748–
2759. doi:10.1016/j.jeurceramsoc.2019.03.007. 
[37] P. Anastas, N. Eghbali, Green chemistry: principles and practice, Chem. Soc. 
Rev. 39 (2010) 301–312. doi:10.1039/b918763b. 
[38] T.W.G. Solomons, Organic Chemistry, 6th ed., John Wiley & Sons, Inc., New 
York, 1996. 
[39] A. Celani, S. Blackburn, M.J. Simmons, L.M. Holt, E.H. Stitt, Formulation of 
ceramic foams: a new class of amphiphiles, Colloids Surfaces A Physicochem. 
Eng. Asp. 536 (2018) 104–112. doi:10.1016/j.colsurfa.2017.07.031. 
[40] A.-R. Allouche, Gabedit-A graphical user interface for computational chemistry 
softwares, J. Comput. Chem. 32 (2011) 174–182. doi:10.1002/jcc.21600. 
[41] J.J.P. Stewart, MOPAC2016, (2016). http://openmopac.net/background.html 
(accessed July 18, 2018). 
[42] J.J.P. Stewart, An investigation into the applicability of the semiempirical 
method PM7 for modeling the catalytic mechanism in the enzyme chymotrypsin, 
J. Mol. Model. 23 (2017) 154. doi:10.1007/s00894-017-3326-8. 
[43] C. Froese Fischer, General Hartree-Fock program, Comput. Phys. Commun. 43 
(1987) 355–365. doi:10.1016/0010-4655(87)90053-1. 
[44] W. Kohn, L.J. Sham, Self-consistent equations including exchange and 
correlation effects, Phys. Rev. 140 (1965) A1133–A1138. 
doi:10.1103/PhysRev.140.A1133. 
[45] J. Tirado-Rives, W.L. Jorgensen, Performance of B3LYP Density Functional 
Methods for a Large Set of Organic Molecules, J. Chem. Theory Comput. 4 
(2008) 297–306. doi:10.1021/ct700248k. 
 28 
[46] M.S. Gordon, J.S. Binkley, J.A. Pople, W.J. Pietro, W.J. Hehre, Self-consistent 
molecular-orbital methods. 22. Small split-valence basis sets for second-row 
elements, J. Am. Chem. Soc. 104 (1982) 2797–2803. doi:10.1021/ja00374a017. 
[47] J. Baker, P. Pulay, Assessment of the OLYP and O3LYP density functionals for 
first-row transition metals, J. Comput. Chem. 24 (2003) 1184–1191. 
doi:10.1002/jcc.10280. 
[48] W.J. Hehre, R. Ditchfield, L. Radom, J.A. Pople, Molecular orbital theory of the 
electronic structure of organic compounds. V. Molecular theory of bond 
separation, J. Am. Chem. Soc. 92 (1970) 4796–4801. doi:10.1021/ja00719a006. 
[49] F. Neese, Software update: the ORCA program system, version 4.0: Software 
update, WIREs Comput Mol Sci. 8 (2018) e1327. doi:10.1002/wcms.1327. 
[50] Y. Takano, K.N. Houk, Benchmarking the Conductor-like Polarizable 
Continuum Model (CPCM) for Aqueous Solvation Free Energies of Neutral and 
Ionic Organic Molecules, J. Chem. Theory Comput. 1 (2005) 70–77. 
doi:10.1021/ct049977a. 
[51] R.S. Mulliken, Electronic Population Analysis on LCAO–MO Molecular Wave 
Functions. I, J. Chem. Phys. 23 (1955) 1833–1840. doi:10.1063/1.1740588. 
[52] J. Kyte, R.F. Doolittle, A simple method for displaying the hydropathic character 
of a protein, J. Mol. Biol. 157 (1982) 105–132. doi:10.1016/0022-
2836(82)90515-0. 
[53] W.C. Wimley, T.P. Creamer, S.H. White, Solvation energies of amino acid side 
chains and backbone in a family of host−guest pentapeptides, Biochemistry. 35 
(2002) 5109–5124. doi:10.1021/bi9600153. 
[54] D.M. Engelman, T.A. Steitz, A. Goldman, Identifying nonpolar transbilayer 
helices in amino acid sequences of membrane proteins, Annu. Rev. Biophys. 
Biophys. Chem. 15 (1986) 321–353. doi:10.1146/annurev.bb.15.060186.001541. 
[55] P. Wu, R. Qiao, Physical origins of apparently enhanced viscosity of interfacial 
fluids in electrokinetic transport, Phys. Fluids. 23 (2011). 
doi:10.1063/1.3614534. 
[56] D. Megias-Alguacil, E. Tervoort, C. Cattin, L.J. Gauckler, Contact angle and 
adsorption behavior of carboxylic acids on α-Al2O3 surfaces, J. Colloid Interface 
Sci. 353 (2011) 512–518. doi:10.1016/j.jcis.2010.09.087. 
[57] J.T. Muth, P.G. Dixon, L. Woish, L.J. Gibson, J.A. Lewis, Architected cellular 
ceramics with tailored stiffness via direct foam writing, Proc. Natl. Acad. Sci. 
(2017) 201616769. doi:10.1073/pnas.1616769114. 
 
  
 29 
Supplementary information 
 
Figure S 1 Electric density surfaces (scales corresponding to partial charges) for the 
molecules evaluated in this work 
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Table S 1 Partial charges and electric dipole moment (in D) values for the molecules 
evaluated in this work 
  Amine Carboxyl Tail Total Dipole ( D) 
Propionic acid 
Neutral - -0.088 +0.088 0.00 2.14 
Anion - -0.866 -0.134 -1.00 5.94 
Glycine 
Neutral -0.085 -0.113 +0.198 0.00 2.52 
Anion -0.121 -0.812 -0.067 -1.00 4.71 
Cation +0.648 +0.001 +0.351 +1.00 9.76 
Zwitterion +0.509 -0.739 +0.230 0.00 12.2 
Valine 
Neutral -0.079 -0.115 +0.194 0.00 2.27 
Anion -0.195 -0.861 +0.056 -1.00 8.55 
Cation +0.617 +0.020 +0.363 +1.00 8.74 
Zwitterion +0.489 -0.725 +0.236 0.00 12.0 
Isoleucine 
Neutral -0.052 -+0.187 +0.239 0.00 9.42 
Anion -0.200 -0.859 +0.059 -1.00 10.4 
Cation +0.602 +0.029 +0.369 +1.00 9.14 
Zwitterion +0.489 -0.724 +0.235 0.00 12.1 
Leucine 
Neutral -0.023 -0.212 +0.235 0.00 10.2 
Anion -0.192 -0.870 +0.062 -1.00 11.2 
Cation +0.626 +0.023 +0.351 +1.00 9.66 
Zwitterion +0.493 -0.725 +0.232 0.00 12.2 
 
 
